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processes, but forecasting tornadogenesis within an al ready-formed supercell remains a formidable challenge.
Seminal numerical simulations of supercell th u n derstorm s conducted in the 1970s and 1980s (e.g., Klemp and W ilhelmson 1978a,b; Schlesinger 1980; R otunno and Klemp 1982; W eism an and Klemp 1982,1984; Rotunno and Klemp 1985) were the basis from which scientific theories of supercell formation, strength, and m aintenance emerged (W ilhelm son and Wicker 2001 ). Contem porary model-based stud ies have built on this knowledge base through intro duction of increasingly sophisticated and realistic treatm ents of storm dynamics/physics.
Highly idealized numerical models run at extremely high resolution, but over small domains, have been used to explore the dynamics of analytically forced, fully resolved tornadoes absent of an explicitly resolved parent storm (e.g., Lewellen et al. 1997 Lewellen et al. , 2000 Fiedler 1994; Rotunno 2013) . In these simulations, only the tornado and its immediate environment were modeled, often in an axisymmetric framework. The configura tion for these simulations was typically guided by pre vious laboratory modelings (Ward 1972 The re w a rd fo r this e ffo r t has been th e a b ility to run much la rg e r sim ulations than ever b e fo re , covering m o re grid p o in ts at higher re s o lu tio n , w h e th e r at global, regional, o r cloud scales. tornadoes may take on a range of kinematic structures. These include single vortices exhibiting positive verti cal velocity throughout (single cell), single vortices exhibiting a downdraft within the tornado core (two cell), and multiple vortices rotating about the center of broader circulation [for an overview of idealized modeling research, see Rotunno (2013) ].
As computing technology has advanced, it has be come possible to run simulations of supercells at resolu tions where tornadoes are explicitly resolved. Xue (2004) used the 1977 Del City supercell environm ent (Klemp et al. 1981) to initialize the Advanced R e g io n al P re d ic tio n System (ARPS) model (Xue et al. 2003 ) at 25-m horizontal grid spacing. The sim ulated su p er cell produced a tornado w ith w inds exceeding 120 m s_1 at the surface; how ever, in o rd e r to ru n at this resolution, a sm all (50 x 50 k m 2) dom ain was employed and the simulation suf fered from nonphysical interaction with model's (2014) simulated a tornadic supercell using ARPS in which the tilting of frictionally generated horizontal vorticity was cited as an im portant source of near ground vertical vorticity. In Schenkman et al. (2014) and Xue et al. (2014) , Weather Surveillance Radar-1988 Doppler (WSR-88D) data of the 8 May 2003 Oklahoma City tornadic supercell were assimilated into ARPS, which produced a tornadic supercell that generally agreed with observations. In both simulations, a series of nested grids were utilized where the finest mesh, cen tered upon the supercell, employed 50-m grid spacing.
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Recently our team modeled a tornado in an idealized supercell simulation with 30-m grid spacing on the Blue Waters supercomputer (Bode et al. 2013; Kramer et al. 2014) utilizing Cloud Model 1 (CM1; Bryan and Fritsch 2002) . The tornado evolved from a narrow single-celled tornado to a 800-m-wide, rain-wrapped, wedge-shaped, two-celled tornado that exhibited storm-relative winds as high as 143 m s '1 and maintained winds in excess of 90 m s"1 (the EF5 threshold) for 38 uninterrupted minutes. The total life span of the tornado was nearly 2 h. Utilizing state-of-the-art visualization and analysis tools, we created animations (video imagery) of the storm at very high temporal and spatial resolution in order to capture the flow features, some highly tran sient, found within tornadic supercells (animations of the simulation can be viewed in the online supplement at http://dx.doi.Org/l0.ll75/BAMS-D-l5-00073.2). This paper serves two purposes: first, to provide an overview of the methods chosen to efficiently write, organize, and visualize over 100 TB of model data (see "Computational challenges, past and present" and "V isualization and an im a tion" sidebars) and, second, to describe salient features of the simulation and compare aspects of the modeled torna dic supercell to observations. Some im portant structural and process aspects that ap p ear essen tial to to rn a d o development and evolution w ithin the m odeled storm are identified, but thorough analysis o f these features is beyond the scope of this paper and will be described in future publications. Tanamachi et al. (2015 Tanamachi et al. ( ), H ouser et al. (2015 , and French et al. (2015) ]. The base-state environm ent is characterized by large conditional instability with a surface-based convective available potential energy (CAPE) of 4,893 J k g '1. It is also characterized by deeplayer shear that should be conducive for storm rotation; the 27 m s '1 0-6-km bulk wind differential lies in the upper quartile for supercells (Houston et al. 2008 ). The environment also has a low lifted condensation level (LCL) and strong 0 -1 -km storm-relative helicity (SRH)-two environmental characteristics strongly The supercells are relatively long lived with the m od eled storm exhibiting supercell structure for 2.5 h (still present at the simulation termination) while the actual El Reno storm displayed supercell characteristics for roughly 3 h before its identity became convoluted in an evolving line of storms. W hile both actual (National Weather Service 2011b) and modeled (see "Storm struc ture prior to tornadogenesis") storms displayed classic supercell reflectivity structure (Moller et al. 1994) over extended periods, the actual storm structure was substantially influenced by numerous cell mergers that were not present in the simulation (National Weather Service 2011b; Tanamachi et al. 2015) . O f note, the El Reno supercell produced a family of tornadoes, with the strongest one designated herein as the El Reno tor nado. Given computational constraints, this simulation was not run long enough to see if the modeled storm would also produce a series of tornadoes. Both actual and modeled tornadoes were of EF5 intensity1 and ' A lthough the EF scale is based upon dam age and references ground-relative w inds, the m odeled tornado produced both storm -and ground-relative w inds associated w ith the EF5 range.
long lived, with the El Reno tornado lasting 105 min (National Weather Service 2011a) compared with the modeled tornado lifespan of 118 min. The El Reno tornado had a 101-km pathlength compared with its model counterpart's 120 km. The simulated storm takes on physically realistic characteristics ( Fig. 2 ) in the volum e-rendered hy drometeor fields (O rf et al. 2016 ) that exhibit many salient visible features associated with observed su percells ( Fig. 3) , including a well-defined wall cloud with an inflow band, and a laminar cloud structure at low levels that transitions into a convective regime at mid-and upper levels. An animation of the simulated cloud and precipitation fields also shows features routinely observed, such as periodic rain curtains that wrap around the low-level mesocyclone/tornado and a tornado that becomes more rain wrapped in time.
Storm structure prior to tornadogenesis. Following initialization, the storm rapidly evolves into a su percell, and by 2,400 s the storm has split, with the right mover beginning to exhibit a persistent, strong updraft at 5 km and a nascent hook echo at 500 m AGL (Fig. 4a) . At this time, the left member from the storm split is much weaker and less organized, con sistent with previous numerical studies that showed enhancem ent of the right mover in environm ents w ith hodographs tu rn in g clockwise w ith height (Klemp and Wilhelmson 1978b) , as is the case here. By t = 3,600 s, the right-moving storm has become increasingly separated from the left member and ex hibits a more pronounced hook (Fig. 4b) . By this time, the cold/cool pools have spread out from the rear-and forward-flank downdrafts (see Fig. 5 ).2 The so u th ern p o rtio n of the sto rm 's forw ardflank region is characterized by a relatively smooth n o rth w e st-so u th e a st 9 ' g rad ien t and, like some other observed and m odeled supercells, the w ind field changes very little across th is region (Beck and Weiss 2013) . To the northw est of this region, a prom inent kinematic and therm odynam ic boundary (indicated by a thick dashed line labeled FFDB in Fig. 5 ) is readily identified. This boundary persists thro u g h o u t m uch of the sim ulation and is the ef fective forw ard-flank dow ndraft boundary (FFDB). The rear-flank dow ndraft (RFD) gust front is indi cated by a dashed blue line labeled RFDGF in Fig. 5 . Following the development of the RFD, the simulated storm acquires a "horseshoe-shaped" updraft prior to tornadogenesis sim ilar to observations (Lemon and Doswell 1979) . The outflow im m ediately west of this boundary is generally character ized by m axim um 9'p deficits of less than 2 K. Observational research has shown that tornado occurrence and intensity are more likely w ith RFD outflows having only small negative buoyancy (M arkowski et al. 2002; Grzych et al. 2007; Lee et al. 2012) . Surface storm -relativ e w ind vec tors show pronounced convergence indicative of a very strong updraft near the intersection of the RFDGF and FFDB (Fig. 5) .
Tornadogenesis. Tornado development in the simulation is associated with the evolution of several concomitant components of the parent storm. At t = 3,600 s, the RFDGF is discernible in the fL field ( Fig. 6a ), but within 1 km west of the boundary, 6 ' deficits nearly vanish. O nly w eak storm -relative outflow is seen behind the RFDGF. A few kilometers to the northwest, an RFD internal surge (RFDIS) Lee et al. 2004 Lee et al. , 2011 Lee et al. , 2012 Marquis et al. 2012; Kosiba et al. 2013; Skinner et al. 2014 Skinner et al. ,2015 Schenkman et al. 2016 ) is apparent in the kinematic field with markedly stronger northerly/ northwesterly storm-relative winds. During the period from t = 3,600 to 4,200 s, somewhat more negatively buoyant air associated with multiple RFDISs sweeps southeastward. The RFDISB shown in Fig. 6b is an augmentation of the surge boundary in Fig. 6a after being reinforced by two successive surges. This bound ary ultimately merges with the RFDGF around 4,500 s. By t = 5,100 s, the leading edge of the RFDGF is characterized by a sharp 9 ' gradient backed by wide spread storm-relative southeastward flow (Fig. 6c) . At this time, a bulge in the leading edge of the storm 's cold pool has formed, flanked by a cyclonic/anticylonic vortex pair. The southern member of this vortex couplet will form into a narrow anticyclonic tornado, while the northern cyclonic vortex, already at tornadic intensity, will grow and intensify, becoming the longtrack EF5 tornado. 
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the b o u n d ary is supportive of a band of cyclonic vertical vorticity lying along it, the local character of the vertical vorticity stru ctu re is very complex. Much of the local vertical vorticity along the FFDB results from patches and linear segments of vertical vorticity of both signs that move toward the bound ary from w ithin the forw ard-flank outflow. Thus, unlike a more symmetric idealized vortex sheet that breaks down into same-signed vortices by horizontal shearing instability [HSI; see Batchelor (1967) ] with a preferred wavelength (Miles and H ow ard 1964) , there are both cyclonic and anticyclonic vortices or vorticity patches present along the boundary, as shown in Fig. 6d and subsequent figures. The FFDB represents a VVS where cyclonic vortices and vortic ity patches are favored but not exclusive. The potential role that sheets of vertical vorticity play in supercell tornadogenesis has been previously suggested (e.g., Brandes 1977 Brandes ,1978 Lee and W ilhelmson 1997) w ith more recent interest in these sheets as in Finley et al. (2002) , Bluestein et al. (2003) , Finley and Lee (2004) , Gaudet et al. (2006) , Lee et al. (2012) , Markowski et al. (2014) , and Dahl et al. (2014) . A more in-depth study of vertical vorticity along the FFDB will be presented in a subsequent paper. A train of vortices within the VVS (Fig. 7) move in a southwestward storm-relative direction consistent with the mean velocity vector along the FFDB. Similar predom inantly cyclonic misocyclone-scale vortices moving down boundaries along/within the forward flank of supercells that appear to merge into the lowlevel mesocyclone or tornado cyclone have also been observed in mobile Doppler radar data (e.g., Snyder et al. 2013; W urm an and Kosiba 2013; W urm an et al. 2014) . Evidence of discrete vorticity patches (and as sociated negative pressure perturbations) m erging with the surface circulation center just prior to torna dogenesis is also seen in some multi-Doppler analyses (e.g., Dowell et al. 2002; Markowski et al. 2012a,b) . In our simulation, the development of an inflection point along the FFDB serves as a focus point for the accumulation of cyclonic vorticity moving rearward from the VVS. A more detailed view of the genesis of the embryonic cyclonic vortex that will eventually become dom inant is shown in 
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(cyclonic-anticyclonic interaction). At t = 4,884 s, a diffuse region of cyclonic vorticity is observed to surround the vortex aloft, while three cyclonic vortices are moving southwestward along the FFDB. By t = 4,950 s, the tornado, producing instantaneous storm-relative winds up to 48 m s_1, has widened and continues to strengthen over time (Fig. 9 ). Temporal and spatial aspects of tornadogenesis appear dependent upon the evolution of a strong updraft aligned over the low-level features. Updraft intensification in the simulation seems related to the development of a flow field feature we call a streamwise vorticity current (SVC) that preceded tornadogenesis. The SVC is a persistent "tube" of streamwise vorticity located along the FFDB that flows rearward along the FFDB and eventually upward into the up draft. It is confined to a region immediately on the cool side of the FFDB where streamwise horizontal vorticity can be generated through baroclinic effects. Figures 7 and 8 depict the location and orientation of the SVC during the early stages of tornadogenesis, and Fig. 10 presents three-dimensional streamwise vorticity shortly following tornadogenesis. The SVC bears some resemblance to the rotor simulated by Schenkman et al. (2012) but the SVC extends deeper into the forward flank and, unlike the rotor, the SVC vorticity cannot be attributed to surface friction ow ing to the free-slip lower boundary condition.
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Prior to the SVC being tilted into the updraft, hori zontal vorticity within the SVC is generated within the buoyancy gradient associated with the FFDB (Fig. 6) . The SVC strengthens as the FFDB buoyancy gradient sharpens. In the approximate 10-12 min before tornado development, the SVC markedly intensified. As the SVC strengthens, tilting imparts increasing rotation to the low-level mesocyclone and concurrent intensification of the low-level updraft en sues. This updraft strengthening is consistent with a strong upward-directed, rotationally induced pertur bation pressure gradient acceleration. The resultant convergence beneath this strengthening updraft can be inferred from Fig. 6 . Thus, the timing and location of tornadogenesis appear strongly associated with the intensification and location of abrupt tilting of the SVC. The resulting updraft alignment over the surface features appears related and crucial to the process (Dowell and Bluestein 2002; Marquis et al. 2012; Skinner et al. 2014) . It is worth noting that SVC strength is also likely influenced by feedbacks within the system. As the low-level updraft strengthens as a result of rotationally induced upward perturbation pressure gradient forcing as just described, accelerat ing inflow would subject the SVC to horizontal vortic ity stretching and resultant intensification.
On some occasions, rotation associated with the SVC can be seen manifest in inflow cloud band mo tions aligned along the FFDB or internal forward flankboundary. As an example, SVC-related motion was apparent within the inflow cloud band that extended northeast from the main updraft in the 17 June 2014 Carter County Montana tornadic supercell (Fig. 3) as evidenced in videography.
Unlike the flow depicted in historical prominent works such as Rotunno and Klemp (1985) , where parcels arriving at the low-level mesocyclone vertical vorticity maximum (250-m level) first descended on the cool side of the FFDB to low levels before rising sharply, the flow of air within the SVC slowly ascends in a helical pattern along the FFDB until being tilted abruptly upward within the lowest kilometer (Figs. 7 and 10). Thus, the SVC supports a deep and intense mesocyclone with the lower reaches of that support at an altitude normally associated with the low-level mesocyclone.
D uring tornadogenesis, the sim ulated vortex intensifies nearly simultaneously from the surface through the storm midlevels similar to the El Reno tornado analyzed from mobile Doppler radar data (Houser et al. 2015) . This characteristic for the vortex to intensify nearly concurrently over a deep layer is also consistent with the modeling results of Trapp and Fiedler (1995) and Trapp and Davies-Jones (1997) , and perhaps additionally, consistent with some of the cases identified by Trapp et al. (1999) within their nondescending tornadic vortex signature categori zation. Moreover, the recent analysis of French et al. (2013) utilizing high-tem poral-resolution mobile Doppler radar data indicates that nondescending
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tornadic vortex signatures could be the most com mon type.
In summary, tornadogenesis occurs in concert with a complex process of cyclonic vertical vorticity accumulation at an inflection point that develops along the FFDB. The timing and location of torna dogenesis also appear associated with the intensi fication and location of abrupt tilting of the SVC. Additionally, a potentially important factor support ing tornadogenesis and early intensification appeared to involve a rearward-spreading horizontal sheet of low-level streamwise vorticity that originates within the forward-flank outflow. This air converges toward the updraft where it is tilted vertically, becoming part of the tornado's circulation. Contributing processes may not be limited to the mechanisms cited above [e.g., baroclinically generated vorticity that gets tilted into the vertical within a downdraft that converges on the tornado via the Davies-Jones and Brooks (1993) mechanism]. Much more detailed quantitative analysis is underway to examine these processes as well as processes occurring in the RFD as they relate to tornadogenesis and intensification.
T o rn a d o s tru c tu re a n d e vo lu tio n .
After genesis, a marked intensification stage commences between t = 4,900 and 5,130 s, during which time the tornado intensifies to EF4 strength (Fig. 9) . By 5,130 s, peak storm-relative surface winds in excess of 80 m s '1 bound a circular region of pressure deficit exceeding 60 hPa, and ver tical vorticity surpasses 2.5 s-1. During this stage, the tornado central pressure decreases at a rate of about 15 hPa m in '1. Figure 6d provides a zoomed-in per spective of the path and intensification of the young tornado manifest in its pressure deficit history rela tive to the storms low-level structure. At t = 5,100 s, the tornados condensation funnel has just reached the surface beneath its parent wall cloud, as seen in Fig. 11 . The tornado has a single-celled structure and is embedded within an updraft. As during tornadogenesis, cyclonic vorticity regions from the VVS continue moving into the tornado and the tornado remains in a similar location as during genesis with respect to the location of strong SVC tilting within the low-level mesocyclone (Fig. 8f) .
Tornado intensification slows markedly between 5,130 and 5,600 s (Fig. 9) . During this phase, the tornado continues to display single-cell structure and exhibits storm-relative winds in the vicinity of 80 m s '1. The position of the tornado with respect to the SVC remains largely unchanged and the VVS with attendant rearward-moving vortices continues to provide vertical vorticity to the tornado along the storm's FFDB (Fig. 12a) .
A much longer tornado intensification period begins around 5,600 s and extends over the next ap proximate 16 min (Fig. 9 ). For much of this phase, storm-relative EF5 winds are indicated. The VVS during this extended intensification period has become very active with a markedly increased ac cumulation of vertical vorticity along the FFDB. Cyclonic vertical vorticity continues to be absorbed into the tornado as vorticity is extruded from likesigned vortices and vorticity patches moving into it (e.g., Corcos and Sherman 1984; McWilliams 1984; Lee and Wilhelmson 1997) . As shown in Fig. 12 , the tornado has retained a similar SVC-relative posi tion, but during this phase the tornado assumes a more erect orientation and is in better alignment under and within the strong, deep updraft. Early in this phase (-5,650 s) the tornado begins a top-down intensification period from a single-cell to a twocelled structure, as evinced by animations of vorticity magnitude and the presence of a circular downdraft in the center of the tornado. During the transition, peak tornadic ground-relative winds at the surface increase steadily, reaching values averaging 100 m s_1 from t = 6,000 to 6,300 s. The tornado maintains EF5 strength for 38 min and attains a peak instantaneous storm-relative wind speed of 143 m s_1 at 6,580 s (Fig. 12c) . This peak wind event, which rises and falls over a 10-s period, is associated with an anticyclonic vortex originating along the FFDB. Like other anticyclonic-cyclonic interactions in this region, the vortex is not absorbed into the tornado's flow, but is swept cyclonically around the outer periphery of the tornado. The vortex is observed to make a full rota tion around the tornado before being tilted horizon tally and lifted upward. The translational velocity of the anticyclonic vortex relative to the tornado appears responsible for this maximum peak wind, which oc curs at the interface between the two vortices.
We explore the structure of the tornado in Fig. 13 , which presents a volume-rendered view of the bot tom 10 km of the tornado at the time of maximum storm-relative surface winds. Vortex breakdown is evident above 2 km AGL, as indicated by the ap pearance of tightly coupled vortices rotating about the central axis clearly visible between 2 and 4 km AGL. This is reminiscent of vortex breakdown above 
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a single-celled vortex as discussed, for example, in R otunno (2013; see their Fig. 15 ). But there is also a central axis dow ndraft extending to the surface, in dicating a two-celled vortex [as in Rotunno (2013), their Figs. 9c,d] . The presence of both features together sug gests the possibility of nest ed corner flow vortex struc ture as described in section 3 of Lewellen and Lewellen (2007) , which would allow an inner high-swirl corner flow (with central downdraft to the surface) to be embedded within a largerscale low-swirl corner flow (with vortex breakdow n aloft). The experiments de scribed by Rotunno (2013) with free-versus no-slip surface boundary condi tions for an idealized Fiedler chamber (Fiedler 1994) in dicated that, for sim ula tions using moderate swirl ratios (Church et al. 1979; Snow et al. 1980) , the center downdraft in the free-slip simulation (as in the simu lation presented herein) extended to ground level, in contrast with compara tive no-slip simulations in which the center downdraft is suspended aloft above a region of rapidly ascend ing air. It is therefore pos sible that the application of surface friction into future ultra-high-resolution tornadic supercell simulations might result in a different internal tornado structure. The pressure perturbation field (Fig. 13c ) indi cates the largest pressure deficit is located near the ground, also consistent with the free-slip simulations described in Rotunno (2013) . Pressure deficits associ ated with the tightly coupled, intertwined cyclonic vortices are evident, with these vortices embedded within a broader area of low pressure associated with the tornado cyclone and the core of the supercell's mesocyclone. A lobe of low pressure extending along and behind the FFDB is also readily apparent in the pressure field. This region of elevated low pressure coincides with the upward branch of the SVC that is shown at t = 7,100 s in Fig. 14 . In this figure, parcels are released every 2 s in an x -z patch that is oriented roughly normal to the mean storm-relative flow within the SVC immediately behind the FFDB.
Throughout the simulation, regions of concen trated horizontal vorticity originating prim arily from the rear flank of the storm along the edge of rear-flank internal surges are occasionally revealed in the cloud mixing ratio field, ostensibly as a result of the cyclostrophic pressure drop in these vortices. Evidence that this process might occur in actual tornadoes is shown in Fig. 15 , which compares an ob served tornado (Fig. 15a) and the simulated tornado (Fig. 15b) during a period where a horizontal ring of cloud condensate is observed to ascend around the periphery of the tornado cyclone. This ring of condensate is associated with an intense horizontally oriented vortex ring, indicated by the red arrow in Fig. 15c roughly similar. Video documentation at close range of this tornado that occurred near Langley, Kansas, on 14 April 2012 showed horizontal vortices wrap ping around the tornado periodically during much of its mature phase. While the origin of the horizontal vortex in the video captures cannot be ascertained, the visual similarity between the observed tornado structure and the simulated tornado is quite striking.
Overall storm structure at low levels remains gen erally consistent during the long maintenance stage of this tornado (Fig. 12d) ; however, some differences are worth noting. By t = 9,120 s, the vorticity magnitude present in the SVC has decreased, as indicated by the increased transparency of the volume-rendered vor ticity field, and fewer cyclonic misocyclonic vortices are present along the FFDB. Further, the tornado has become increasingly surrounded by horizontal and vertical vortices originating from the rear flank that have been cyclonically advected around the periphery of the tornado. Figure 16 shows the volume-rendered cloud water mixing ratio field and surface potential temperature perturbation (O') field looking down the storm's FFDB toward the end of the maintenance phase. During this 15-min period, the tornado's condensation funnel fluctuates between wide cone and thin rope struc tures pendant from the wall cloud. The condensation funnel nearly disappears at times and does not extend to ground level for several minutes (the tornado is enshrouded by rain during this period). This change in the tornado condensation funnel corresponds to fluctuations in maximum instantaneous near-surface winds, which vary between 65 and 100 m s_1.
Tornado decay. In the minutes leading up to tornado decay, the vortex is generally vertically erect along the tornado's length, with only slight side-to-side "wobbles" as visualized at t = 11,796 s (Fig. 17a) . Storm-relative surface flow indicates a nearly cir cular flow pattern associated with the tornado. The tornado at this time is enshrouded in rain and is surrounded by the storm's outflow at the surface. Just 84 s later (Fig. 17b) , the vortex exhibits kinks just above the surface and aloft, indicating the beginning of a breakdown in its structure. Over the next 70 s (Figs. 17c,d ,e) the tornado undergoes rapid decay that is associated with a strong downdraft that encircles the tornado and is centered at approximately 1 km AGL (not shown). This downdraft, which coincides with a burst of heavy rain, descends to the ground and a strongly divergent outflow pattern resembling an intense microburst is evident at t = 11,984 s (Fig. 18) . It is noteworthy that this downdraft development and concurrent tornado decay occurs in conjunction with changes in the SVC. A decline in SVC strength, alluded to in the late-mature phase of the tornado, accelerates dramatically in the decay stage, associ ated with a marked decrease in the 0, gradient in the forward-flank cold pool. The model was run for 500 s following tornado demise where no further tornadic activity occurred.
S U M M A R Y A N D D I S C U S S I O N .
It is now possible to numerically simulate and visualize thun derstorms where genesis, maintenance, and decay of a violent tornado occur within the simulated storm with a reasonable degree of physical similarity to observed storms. A combination of factors made this possible: Blue Waters, a supercomputer with the processing speed and I/O framework to handle cloud modeling simulations utilizing billions of grid points and hundreds of terabytes of data; CM1, a cloud model that efficiently scales to hundreds of thousands of processes and that contains high-order numerics and dual-moment microphysics; a data framework for writing and reading hundreds of terabytes of data built around the HDF5 scientific data format; and Visit and Vapor, visualization software that are able to handle large datasets and, importantly, produce high-quality volume-rendered imagery. The model was initialized with a sounding extracted from the RUC model, which provided a representative storm environm ent for a docum ented violent tornado producing supercell. The simulated storm produced a long-track EF5 tornado, which lasted for approxi mately 2 h in the simulation. During tornadogenesis, there were several salient processes evident in the model fields. The inflection point between the rear-and forward-flank downdraft boundaries was a focal point for the accumulation of vertical vorticity through a process where cyclonic vortices and vorticity patches moving rearward along the FFDB/VVS merged into the incipient tornadic vortex. The inflection point was also a focal region for enhanced near-surface convergence of streamwise vorticity originating within the cold pool. The inten sification of the low-level updraft occurred roughly coincident with the development and intensification of a "current" of streamwise vorticity (the SVC) origi nating along the FFDB that was tilted into the storms updraft. The location of tornadogenesis occurred very near the SVC upward tilting region.
The maintenance phase of the tornado lasted over 1.5 h and has been topically described. Many of the features described in the genesis phase of the storm are maintained through much of the maintenance stage, including the flow of cyclonic vertical vorticity along the FFDB that was absorbed into the tornado, the SVC and SVC-relative position of the tornado that became more optimally aligned under and within the strong deep updraft, and the ingestion of streamwise vorticity along and behind the storm's forward-flank downdraft boundary. Tornado decay occurred rapidly as the tornado moved rearward and became sur rounded by large amounts of rain within the cold pool and was associated with a strong low-level downdraft that resulted in a divergent, microburst-like outflow. It is noteworthy that this downdraft development and concurrent tornado decay occurred in conjunction with a dramatic weakening in the SVC.
These results provide encouragement that future simulations of other violent tornadic supercell storms with high fidelity are possible. Simulations within the same environment using 20-m grid spacing that are currently being analyzed have revealed similar long-track, violent tornadoes exhibiting even more realistic-looking structure, including multiple-vortex structures strikingly similar to those observed in the field. However, many challenges remain. To adequately apply surface friction, a much finer vertical mesh will be required for realistic near-ground horizontal winds that experience surface drag over a shallow depth. CM1 does not centrifuge hydrometeors, resulting in a tornado that occasionally becomes filled with rain in its core; modifications are planned to enable this func tionality. The robustness of these results in terms of the physical parameterizations chosen (Table 1) is not yet known and will be the subject of future research.
Several physical processes occurring in the FFD/ FFDB were described above, and the relative impor tance of these processes in tornadogenesis, mainte nance, and decay is the focus of additional analysis. Other processes occurring in the RFD/RFDGF (some not presented here) were also seen in the simulation, and their role in the development and evolution of the tornado is the subject of ongoing investigation. Environments beyond that of 24 May 2011 will be ex plored and compared to observations and the results from this simulation to investigate how commonly the physical processes modeled in this case occur in other real-world and simulated events.
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